We report on fabrication of devices integrating FeTe0.55Se0.45 with other van-der-Waals materials, measuring transport properties as well as tunneling spectra at variable magnetic fields and temperatures down to 35 mK. Transport measurements are reliable and repeatable, revealing temperature and magnetic field dependence in agreement with prior results, confirming that fabrication processing does not alter bulk properties. However, cross-section scanning transmission microscopy reveals oxidation of the surface, which may explain a lower yield of tunneling device fabrication. We nonetheless observe hard-gap planar tunneling into FeTe0.55Se0.45 through a MoS2 barrier. Notably, a minimal hard gap of 0.5 meV persists up to a magnetic field of 9 T in the ab plane and 3 T out of plane. This may be the result of very small junction dimensions, or a quantum-limit minimal energy spacing between vortex bound states. We also observed defect assisted tunneling, exhibiting bias-symmetric resonant states which may arise due to resonant Andreev processes.
Introduction
Superconductors of the Fe(Te,Se) family are an important research platform for unconventional superconductivity. They have electron and hole Fermi pockets at the Γ and M points which are roughly the same size, characterized by extremely small Fermi energies E F . The Fermi energies are not much larger than the superconducting gap ∆, resulting in a large ∆/E F ratio. This has two important consequences: First, it makes these superconductors sensitive to interaction effects such as the BCS-BEC crossover [1, 2] . Second, the ∆/E F ratio determines the energy separation between Caroli-de Gennes Matricon (CdGM) vortex-bound states [3] , allowing the observation of discrete CdGM states in scanning * Equal contribution 1 arXiv:1907.09758v1 [cond-mat.supr-con] 23 Jul 2019 tunneling microscopy (STM) measurements [4, 5, 6, 7, 8] . Among these, some reports observe zero energy bound states interpreted as Majorana excitations [9, 6, 7] , expected in view of ARPES signatures of a topological superconducting state on the surface of FeTe 0.55 Se 0.45 [10] .
There are several open questions related to Fe(Te,Se) superconductivity. The observed sub-gap spectra appear to vary between different studies, as well as between vortices within the same study.
This variability is not yet fully understood, and neither is it clear why do some vortices within a given sample host zero energy states, while others do not. Furthermore, the symmetry of the superconducting order parameter is as yet unsettled, with evidence in favor of S ± symmetry [11] . The unconventional S ± symmetry in a topological superconductor has been suggested to give rise to chiral one-dimensional "hinge" modes at the intersection between two faces of the superconductor [12, 13] .
FeTe 0.55 Se 0.45 can be integrated into devices -for example by machining thin films into bridges [14] or by exfoliation of single crystals [13] . Refining exfoliation-based methods is of particular interest, as flakes can be assembled into a variety of sophisticated devices using the van-der-Waals (vdW) technology [15, 16, 17] . When applied to proximitized graphene and to layered superconductors, stacking of vdW flakes has allowed the study of planar tunnel junctions [18, 19, 20, 9, 21] , Josephson devices [22, 23] , and graphene-superconductor hybrids [24, 25, 26] . Furthermore, in thin flakes density can be tuned by ionic gating [27, 28] .
Here we report the integration of exfoliated single-crystal FeTe 0.55 Se 0.45 flakes into transport and tunneling devices. Transport devices exhibit superconducting properties which agree with bulk materials.
FeTe 0.55 Se 0.45 is not a vdW material, and we find that exfoliated flakes oxidize rapidly even when prepared within a glove box. Despite oxidation and surface degradation which lower device yields, we are able to realize planar tunnel junctions using a van der Waals barrier and demonstrate the ability to achieve hard gap tunneling.
Device Fabrication and Surface Quality
We use large single crystals of FeTe 0.55 Se 0.45 grown using the self-flux method. All devices were prepared by exfoliation and transfer, as detailed in the methods section, in an inert N 2 environment inside a glove box. Data from three devices is presented, each fabricated using a different technique: Device TR (transport) is fabricated by exfoliation of FeTe 0.55 Se 0.45 flakes on a SiO 2 substrate, and subsequent evaporation of electrodes. In Device TE (tunneling, top electrodes) FeTe 0.55 Se 0.45 flakes are prepared in the same way, with an MoS 2 tunnel barrier transferred on the top side. Device BE (tunneling, bottom electrodes) was fabricated differently, by placing the tunnel barrier followed by an FeTe 0.55 Se 0.45 flake on top of pre-patterned electrodes. Images of both types of tunnel devices are shown in Figure 1 (a,b) respectively. The advantage of the pre-patterned electrode method is in avoiding lithographic processing and heating of the FeTe 0.55 Se 0.45 and tunnel barrier, while the disadvantage is that the rough top surface of the gold does not provide continuous contact to the material. In contrast, the top-electrode fabrication method exposes the FeTe 0.55 Se 0.45 and barrier to polymers, solvents, and short periods of heating, but also creates a more even contact with the electrode. 1 The high oxygen count within the FeTe 0.55 Se 0.45 is not reliable, since the oxygen Kα peak of 523 eV is within the detector resolution from a strong tellurium M ξ 1 peak at 464 eV, which can result in an overlap between the peaks and false counts of oxygen which actually originate in tellurium.
Results

Transport
Transport measurements were carried out in a 3 He cryostat with a base temperature of 300 mK. Figure   2 shows two-terminal transport data, measured on Device TR, of thickness 100 nm. Panel (a) shows critical current measurements taken at different temperatures 2 .
As expected, critical current is suppressed as T increases towards T C , above which the resistance 
Zero Field Tunneling Spectrum and Temperature Dependence
Tunneling measurements were carried out in a 3 He-4 He dilution cryostat with a base temperature of 25 mK. Differential conductance dI/dV of bottom-electrode Device BE ( Figure 3 ) exhibits, at the lowest temperature, a hard superconducting gap with R N /R 0 ≈ 70. The sub-gap energy range is punctuated 2 Temperature was measured by two sensors located a small distance away from the sample, with a temperature gradient between them, and calibrated so that T C equals the known value for the material, 14.5 K. Electrode resistance was subtracted from the total measured resistance.
4 by in-gap states at bias voltage V ≈ ±0.7 meV, which we attribute to defects in the FeTe 0.55 Se 0.45 , as observed also in STM measurements [6] . In addition, this junction exhibits two noteworthy phenomena:
First, we find that the temperature dependence (Panel (a)) shows that most of the details of the spectrum are smeared out up to T = 1.4 K, including the quasiparticle peaks, with the spectrum at 2 K showing simply a 'V'-shape. This is somewhat contrasting with STM data, which shows quasiparticle peaks persisting over 5 K [11, 4] . Second, we find that the junction spectrum exhibits a bi-modal behavior, with the reading shifting between two different forms upon repeated measurement. Panel (b) shows several spectra, taken consecutively at the same temperature and zero magnetic field. Evidently, all of the measurements trace one of two modes of the spectrum. In one mode, the tunneling spectra reveal two sets of peaks, one at ±1.7 meV, and the other at ±2.7 meV, with the energy range below 1.5 meV gapped and empty of spectral weight 3 . The other form has three peaks at ±1.5 meV, ±1.9 meV, and ±2.5 meV.
Comparison of these peak values to available ARPES and STM data confirms their identification as quasiparticle peaks. ARPES measurements identify four gaps: 1.7 meV and 2.5 meV for the α' and β hole bands at the Γ point, 1.9 meV for the topological surface band, and 4.2 meV for the γ electron band around the M point [31, 10] . Similar gaps have been observed in STM measurements, although the exact energies of the quasiparticle peaks vary and not all studies observe features related to all gaps [11, 4, 5, 6, 7] .
The quasiparticle spectrum of FeTe 0.55 Se 0.45 has pronounced spatial variability. Ref. [32] identifies three distinct structures: a single peak at ±1.4 meV is assigned to the α band, a double peak at ±1.4, 2.4 meV is assigned to the α , β bands, and a triple peak at ± 1.4, 2.4, 1.9 meV is assigned to the α , β and surface state bands, respectively. In our data, we tentatively identify the double gap structure with the α , β bands, and the triple gap structure with the α , β and surface state bands. We believe the two forms of the spectrum arise when the electrode engages two different locations in the sample, although it is not clear which mechanism could generate such switching. )). This switching between spectral shapes may be related to the bi-modal behavior described previously. It is notable that the material retains a hard gap of 0.5 meV up to the maximal fields of B ⊥ = 3 T / B = 9 T. These fields should be well over H C1 [33] , even when accounting for variability due to device geometry [20] . We believe that this field dependent behavior may arise from vortices entering the junction, with spectral weight within the gap reflecting either depairing in the vicinity of vortices due to screening currents, sub-gap states within the vortices, or both [34] . These possibilities are discussed below.
Tunneling Magnetic Field Dependence
In an STM study on FeTe 0.6 Se 0.4 , the gap size away from vortices changes little from zero field up to B ⊥ = 6 T (Ref. [7] ). Within vortices, quasiparticle peaks broaden, the gap shrinks, and spectral weight appears within the gap in the form of discrete bound states [4, 5, 6, 7, 8] . The vortices themselves are arranged in an Abrikosov lattice, with a characteristic spacing that decreases with magnetic field, though the lattice can lose its periodic structure at higher fields -around 2-3 T in Ref. [6] . A planar junction measures a spatial average of the spectrum over the region of the junction, which may encompass a number of vortices which should increase with field. In NbSe 2 , where ∆/E F 1, and CdGM states are densely spaced, the spatially averaged spectrum over a unit cell of the Abrikosov lattice exhibits a sub-gap spectrum which changes from a 'U' shape to a 'V' shape with increasing field [34, 20] . In our measurements, in contrast, a small hard gap persists to high B in both orientations.
In FeTe 0.55 Se 0.45 , CdGM states are located at half integer multiples of ∆ 2 /E F . This should be around 650 µeV when taking ∆ = 1.7 meV and E F = 4.4 meV measured by ARPES for the same stoichiometry used here [9] . Minimal energy (approximately 0.3 meV) is indeed observed by Ref. [7] in STM measurements of three vortices. Ref. [6] , on the other hand, observes discrete bound states in 6 hundreds of vortices, finding a wide variety in energy and spacing.
Based on the above, we suggest that the spectral features observed here are the consequence of a small junction area, sensitive to up to a few vortices. According to this interpretation, the onset of the diminishing of the gap size with magnetic field at B ⊥ = 0.5 T could indicate that vortices begin to enter the junction at this field, suggesting a spatial scale for the junction size comparable to the inter-vortex spacing (50-100 nm). The existence of a minimal hard gap region indicates the absence of low energy in-gap states.
Alternatively, an even smaller junction may be very locally sensitive to the spectrum away from the vortex center. The behaviour of the superconducting spectrum in the spatial vicinity of a vortex is described in an in depth STM study of NbSe 2 (Ref. [35] ). This reference reports a gradual shrinking of coherence peaks upon approaching within the scale of the London penetration depth (λ) from the vortex core. The effect is attributed to depairing due to screening currents. Upon entering the vortex core within the scale of the superconducting coherence length (ξ), the gap size diminishes due to the shrinking of the superconducting order parameter. This two-stage behavior qualitatively resembles our data, if we assume that a single vortex is drawing near our junction with increasing magnetic field. 
Bound States
We now turn to measurements taken on the top electrode tunneling device TE. Such devices are fabricated We interpret these peaks as related to defect assisted tunneling into FeTe 0.55 Se 0.45 . Such defects are known to exist within the TMD tunnel barriers [36] , as well as in the oxide layer observed by cross-section STEM measurements and within the unoxidized FeTe 0.55 Se 0.45 . There is no evidence of a superconducting gap in the spectrum, indicating that the tunneling electrode is not coupled directly to the superconductor. Several junctions on the same device exhibit qualitatively similar behavior, not presented here.
We follow the evolution of these features vs. B ⊥ . The conductance map shows that the prominent features both inside and outside of the gap exhibit a linear evolution in energy (Fig. 5 panels (a,b) ), with slopes ranging between ±0.1-0.2 meV/T. It is noteworthy that the peaks do not split with field (this is true of the other junctions as well). The energies of the features occasionally change abruptly, while retaining energy symmetry. These sharp changes occur only in response to a change in magnetic field.
The field evolution of the in-gap features appears to agree with a model where Andreev bound states (ABS) are formed by tunneling into a defect coupled to the superconductor. In this case, we interpret the observed slopes of the sub-gap linear features to originate in the Zeeman effect. Assuming a spin 1/2 defect yields a Landé g-factor of g ≈ 4.8-5.2, although it is possible that the defect may have a higher spin. Within the ABS model, the observation that the peaks never split with magnetic field suggests that the defect retains a doublet ground state at all fields [37] . This is consistent for sub-gap features across several tunnel junctions, indicating that typically in this system, the defect charging energy is much larger than the superconducting gap. Alternatively, this could indicate that the defects are magnetic, giving rise to Yu-Shiba-Rusinov (YSR) type bound states. The existence of ABS in high magnetic fields indicates that the defect remains proximitized to the superconducting phase, and is not dominated by the vicinity of a vortex core.
In panel (d), we follow the evolution of the spectrum with temperature. Increasing the temperature broadens the conductance peaks and lowers their energy, an effect highlighted by the black vertical dashed lines. The reduction of peak energy with temperature serves as an indicator that they are related to superconductivity. We do not currently have a convincing interpretation for the existence of symmetric features above the energies of all superconducting gaps. These features behave qualitatively similar to the sub-gap features with respect to both temperature and magnetic field, and may be related to inelastic tunneling processes, as in Ref. [38] . However, the nature of the inelastic excitations, as well as the underlying density of states, are not clear. Alternatively, resonant single particle tunneling through the defect, a process unrelated to superconductivity, may produce symmetric peaks in the unique case of equal capacitance of the defect to both source and drain. Temperature dependence of the spectrum at zero field, peak locations have changed during field cycling.
Smearing and closing of the two main peaks highlighted by dashed vertical lines.
Conclusions
We present several methods to fabricate transport and tunneling devices from FeTe 0.55 Se 0.45 . Although surface oxidation was not prevented even by exfoliation in inert atmosphere, we successfully incorporate 
Methods
Pre-patterned Electrode Devices
The electrodes in Device BE were prepared by laser writer lithography and Ti/Au evaporation, and cleaned by plasma ashing. Flakes of MoS 2 (3-6 layers, identified by optical contrast) were exfoliated by the scotch tape technique and transferred to PDMS Gelpacks, selected by their optical color and transparency and stamped onto the electrodes. This technique is described in reference [39] . FeTe 0.55 Se 0.45 flakes were similarly transferred on top, so that a few electrodes are in direct contact with the flake (Ohmic contacts) while other electrodes lie underneath both the FeTe 0.55 Se 0.45 and the tunnel barrier, to allow for standard tunnel junction geometry. The device geometry is illustrated in Figure 1, panel (a) . We fabricated multiple Ohmic and tunneling contacts in this geometry. The Ohmic contacts gave resistances varying between 200-5000 Ω. We note that identical devices fabricated outside of the glove box gave no Ohmic contacts, possibly due to oxidation. Tunneling contacts showed mostly trivial differential conductance, with only one contact exhibiting the tunneling behavior described in this paper. This, too, could be due to the oxidation of the FeTe 0.55 Se 0.45 (see Figure 1 , panel (c)).
Top Electrodes
In Devices TR and TE, flakes of FeTe 0.55 Se 0.45 were exfoliated by scotch tape and transferred directly to the substrate surface. For Device TE MoS 2 flakes (2-7 layers, by optical contrast) were selected and stamped on top, in similar fashion to the ones in the pre-patterned electrode device. Ti/Au electrodes were fabricated on top of the heterostructure by electron beam lithography and evaporation. For the Ohmic contacts, argon ion milling was performed before evaporation to remove surface oxide. This is a crucial step for low resistance Ohmic contacts. The optimal thickness for the MoS 2 tunnel barrier in this method was found to be 3 layers, giving a consistent resistance of several MΩ and displaying defect assisted tunneling. Contacts on 2 layer thick flakes tended to be Ohmic while contacts on flakes thicker than 4 layers tended to have a resistance of tens of MΩ or be disconnected. We have tried fabricating devices in this geometry using WSe 2 as a barrier as well, and found that it usually results in Ohmic contacts. We have attempted to heat the devices after fabrication in order to clean organic residue from the interface, as works well with other materials. However, in the case of FeTe 0.55 Se 0.45 we have observed that heating to a temperature of 150 • C for 3 hours produces channels in the surface, visible to an optical microscope, and a low yield of Ohmic contacts, although the material does remain superconducting in the bulk.
STEM Sample Preparation and Measurement
Sample for the cross-section STEM measurement was prepared by using a focused ion beam, Thermo
Fisher Scientific Helios NanoLab 460F1 DualBeam, to cut the a thin lamella from a sacrificial bottom electrode device. High angle annular dark field (HAADF) imaging and energy-dispersive spectroscopy (EDS) analysis was performed on Thermo Fisher Scientific Themis Z scanning transmission electron microscope (STEM).
